Research on graphene-monolayers of carbon atoms arranged in a honeycomb lattice-is proceeding at a relentless pace as scientists of both experimental and theoretical bents seek to explore and exploit its superlative attributes, including giant intrinsic charge mobility, record-setting thermal conductivity, and high fracture strength and Young's modulus. Of course, fully exploiting the remarkable properties of graphene requires reliable, large-scale production methods which are non-oxidative and introduce minimal defects, criteria not fully satisfied by current approaches. A major advance in this direction is ionic liquidassisted exfoliation and dispersion of graphite, leading to the isolation of few-and single-layered graphene sheets with yields two orders of magnitude higher than the earlier liquid-assisted exfoliation approaches using surface energy-matched solvents such as N-methyl-2-pyrrolidone (NMP). In this Minireview, we discuss the emerging use of ionic liquids for the practical exfoliation, dispersion, and modification of graphene nanosheets. These developments lay the foundation for strategies seeking to overcome the many challenges faced by current liquid-phase exfoliation approaches. Early computational and experimental results clearly indicate that these same approaches can readily be extended to inorganic graphene analogues (e.g., BN, MoX 2 (X = S, Se, Te), WS 2 , TaSe 2 , NbSe 2 , NiTe 2 , and Bi 2 Te 3 ) as well.
Introduction
Considered to be the Holy Grail for physicists and material scientists, the elusive material-graphene is touted to be the future silicon of the microelectronics industry. This strictly two-dimensional material (the thinnest known in the universe), consisting of a one atom thick perfect honeycomb network of sp 2 carbon atoms, is the simplest allotrope of carbon, see Fig. 1 , already has a number of superlatives associated with it, despite a relatively brief history. For an excellent account on the rise of graphene as the superstar allotrope of carbon and the genealogy of graphene, the readers are redirected to the treatises by Boehm 1 and Ruoff 2 respectively. Indeed, graphene is the strongest material (fracture strength, 125 GPa) 3 and has a high Young's modulus (∼1100 GPa) 3 ever measured. It can sustain current densities six orders of magnitude higher than that of copper, is impermeable to gases, has a huge specific surface area (calculated value, 2630 m 2 g −1 ), 4 shows record thermal conductivity (∼5000 W m −1 K −1 ), 5 and exhibits an anomalous quantum Hall effect. 6 Amazingly, its charge carriers exhibit giant intrinsic mobility, have zero effective mass, and can travel for microns without scattering at ambient temperature, making this material a boon to next-generation electronics and devices. Subsequent to the Scotch tape method (micromechanical cleavage), 7 a plethora of methods have emerged for production of graphene nanosheets (GNs) ranging from epitaxy methods to chemical vapour deposition, 8 and separation of GNs from a variety of graphitic starting materials (e.g. highly ordered pyrolytic graphite (HOPG), expanded graphite, graphene oxide (GO)) using liquid-phase exfoliation. 9 Among the different methods for production of GNs, liquid-phase exfoliation [9] [10] [11] presents a clear advantage owing to the simplicity of the process, relatively lower variable cost, and immense potential for large scale up. However, this method is marred by certain drawbacks; primarily the production of poor quality of GNs due to the presence of residual solvents on the surface and the nature of the volatile organics used, which tend to be environmentally toxic.
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With this in mind, ionic liquids (ILs)-molten salts comprising of polyatomic organic or inorganic ions that have melting temperatures below 100°C-have a number of attractive features indicating that they would rise to this challenge. 12 Consider these facts: (1) ILs have a versatile chemistry that can be molecularly tuned in many ways, as opposed to the conventional molecular solvents; see Fig. 2 , for an illustration of ILs as a molecular toolkit; (2) a growing number of ILs exist which have essentially negligible vapour pressure and are thermally stable at high temperatures, radiation-resistant, non-flammable, and chemically inert; (3) imidazolium-based ILs have successfully served as dispersion media for single-walled carbon nanotubes 13 and IL-based bucky gels, a gelatinous paste of single-walled carbon nanotubes and ILs, 14 (4) ILs have surface tensions closely matching the surface energy of graphite; (5) ILs can allow homogeneous GN dispersions via stabilization against re-aggregation by Coulomb repulsion of the surface charges introduced by the adsorbed (intrinsically charged) IL. Given these attributes, ILs, find an avant-garde application as excellent solvent media for the exfoliation and stabilization of GNs. This review examines the ability of ILs for practical exfoliation, dispersion, and modification of GNs as well as GO, reduced GO (RGO), and inorganic graphene analogues (IGAs). The pros and cons of using ILs will be discussed as well as demonstrated and potential applications of IL-functionalized materials keeping in mind a further goal of industrial scale up. Computer simulations, complementing and expanding upon experimental findings will be examined as both a screening tool and a method to provide molecular insights into the mechanism of ILs for exfoliation and dispersion.
Overview of IL-assisted exfoliation methods
Since the micromechanical cleavage of graphene from graphite, 7 This section chronicles and critiques the methods used until date for exfoliation of GNs using ILs. It also includes the use of ILs for dispersion and reduction of GO into RGO, a graphene material with defects left-over from oxidation and incomplete reduction.
Sonication and grinding methods
For efficient exfoliation and successful dispersion of GNs, and similar counterparts, a minimization of the Gibbs free energy (ΔG) for the process is necessitated. Given the Second Law of Thermodynamics, a small enthalpy of mixing would result in the entropic contributions playing a dominant contributing factor towards a negative ΔG. Such entropic contributions can arise due to increase in temperature (normally solvothermal process which includes the heating of the graphite, resulting in expandable graphene layers) or providing external energy to the surface of the graphite sheets in the solvent media using mechanical methods such as grinding or ultrasound where energy is imparted to the solvent molecules which collide with the graphene sheets transferring energy. This energy aids in the relative displacement of the graphene sheets through a shear force, overcoming the π-π stabilizing interactions between the graphene sheets. Further, successful exfoliation also relies on the proper choice of solvent (or surfactant, or other compound) through surface interactions such as surface matching providing sufficient solvent-graphene interaction to balance the energy cost for graphite layer expansion and prevent re-aggregation of the graphene sheets. , which was then subjected to tip ultra-sonication for 60 min (using 5-10 min intervals). The obtained GNs dispersion was centrifuged at 10,000 rpm for 20 min and the supernatant analysed using scanning transmission electron microscopy (STEM) and Raman spectroscopy; which indicated dispersion of GNs with <5 layers and low levels of defects. Further, X-ray photoelectron spectroscopy (XPS) studies showed the GNs were stabilized by strong non-covalent interactions of the IL with the GNs thus indicating that IL-functionalized GNs (IL-GNs) were produced. The IL functionalization prevented the re-aggregation of the sheets allowing for the stable GNs dispersion observed. Following this work, Mariani and co-workers 20 exfoliated and dispersed graphene in a similar fashion using the IL, 1-hexyl-3-methylimidazolium hexafluorophosphate [C 6 mim][PF 6 ]. By using a bath sonication time for over 24 h, followed by centrifugation, they obtained GNs suspensions with concentrations as high as 5.33 mg mL −1 .
During sonication, cavitation, the formation of small bubbles from dissolved gases or vapors due to pressure changes and shear stresses imparted by the sonication waves, often, if not always, occurs. These bubbles (liquid-free zones) have a high internal Laplace pressure which, upon explosion on the graphene surface can induce cyclic stress resulting in fatigue and defects in the GNs. A way to overcome the cavitation effects normally seen with sonication processes, is to instead use methods that relies on shearing forces to exfoliate graphite such as mechanical grinding 21 (mortar and pestle, ball milling, etc.) or the use of a vortex fluidic device. 22 4 ] along with the base K 2 CO 3 followed by washing steps to remove any excess salt, IL, or base. The resultant GNs were shown to be functionalized by the diazonium salt used. They experimented with 14 different diazonium salts and measured the solubility of the salt-functionalized GNs in DMF. Although, a wide gamut of functionalized nanosheets is achieved by this process, the final dispersion of GNs in DMF was only 0.02 mg mL −1 .
Electrochemical methods
Electrochemical methods have also been used to exfoliate graphite precursors to form GNs. Electrochemical methods have potential advantages such as, a simple one-step process, easy operation and control during the course of the process, mass production of large sheets ranging from few nanometres to micrometres of length under ambient conditions and without introducing a large number of defects or oxygenation on the surface of the GNs. 25 The quality of the end product allows for The IL-functionalized GNs flakes were up to ∼700 nm length and 500 nm width as observed through TEM and FESEM images with an average thickness 1.1 nm confirmed by AFM studies. These IL-functionalized GNs could be homogeneously distributed into polar aprotic solvents such as DMF. Further, the [C 8 mim][PF 6 ]-functionalized GNs were combined with polystyrene to form composites with enhanced (3-15 times greater) electrical conductivities as compared to their singlewalled carbon nanotube-polystyrene counterparts. The mechanism of IL-functionalized GNs formation was speculated to occur by the IL cation reducing on the cathode forming a free radical at the C2 position of the IL cation which then combined with the a π-bond electron of a GNs. However, this conjecture was brought into question by subsequent work.
Loh and co-workers 25 further investigated the mechanism for electrochemical GNs exfoliation and functionalization by ILs using a similar experimental construct as Liu et al. 26 They found the amount of water content within the ILs was key for controlling the resultant shape and type of carbon nanostructure formed which varied from nanoparticles to nanoribbons and nanosheets. A water content greater than 10 wt% resulted in the formation of carbon nanoparticles, while nanoribbons or nanosheets were predominant at lower water contents. Further, IL-functionalization of the GNs was only observed at water contents less than 10% and higher water contents were associated with higher oxidation of the resulting structures. They also observed exfoliation of the graphene flakes occurring only at the anode, which seemed counter to the process reported by Liu et al. 26 Instead, Loh and co-workers 25 proposed a three stage process involving, in order, electrochemical oxidation, intercalation/expansion, and cleavage of the graphite anode (Fig. 4) 4 ] IL, with no water or dissolved oxygen present, resulted in a highly viscous electrolyte from which a bucky gel, composed of IL-functionalized GNs and carbon nanoparticles, could be isolated after centrifugation with the supernatant containing soluble exfoliates comprising fluorescent carbon structures of nanoparticles and nanoribbons. 25 This "one-pot" synthesis shows enormous promise for industrial scalability and mass production, including applications toward biological labelling and imaging applications. Similarly, Singh and co-workers 27 used a three-electrode, as opposed to the conventional two-electrode system for exfoliation, consisting a graphite pencil and of two platinum electrodes immersed in triethylsulfonium bis(trifluoro-
Applying a potential of 16 V was applied resulted in the formation of black precipitate, typically a bucky gel as seen by Loh and co-workers in the presence of pure IL. 25 GO could also be produced by this set-up by ramping the applied potential from 0 to 8 V.
To further elucidate the role of IL ions and the mass production of the GNs synthesized through the electrochemical process, Najafabadi et al. 4 ] with a yield of only 29% after 4 h of electrolysis (at 7 V). The higher yield was due to the extensive reactivity of graphite anode with the oxygenated [Tf 2 N] anion and the low yield likely due to strong absorption of [emim] + on the cathode surface, where the C2 proton can initiate H 2 evolution and also produce decomposition products that adsorb to the anode hindering IL anion intercalation. 29, 30 Moreover, the electrolyte color change was shown to be attributable to the occurrence of reaction products from the IL not necessarily attributable to different stages of exfoliation as reported by Loh and coworkers. 25 The method of using non-aqueous electrolytes with . The transfer of GO from the aqueous phase to the organic phase also depended on experimental parameters such as pH and the ratio of GO to the IL with the optimal results shown at pH = 9 and weight ratio of 1 : 8 GO : DDIB. After phase transfer, hydrazine could be used to produce IL-functionalized RGO. Heat treatment from 300°C to 1000°C was performed which resulted in a better restoration of the sp 2 nature of the RGO at higher temperature with resultant RGO conductivities up to 823 S cm −1 .
The reasoning provided was that the thermal annealing and surface stabilization provided by the long IL alkyl chains aided in the healing of the defects. Such novel strategies could enable the development of suitable post processing techniques.
Ionic liquid crystal as intercalating agent.
ILs can transform into a smectic liquid crystal state by increasing the length of the cation alkyl chain often to 12 or more carbons. These IL crystals (ILCs) amalgamate the properties inherent to both ILs and liquid crystals. ILCs have different types of mesophases with smectic A phase being the most common. This is a least ordered phase where the molecules are oriented in layers and the long alkyl chain axis is on an average perpendicular to the plane. 41 Upon thermal heating, ILC viscosity can be reduced thereby assisting in the intercalation of graphite to produce GNs. Towards this, Safavi and co-workers, 42 used the ILC 1,1′-didoceyl-4,4′-bipyridinium bis(trifluoromethanesulfonyl)amide to exfoliate GNs. This ILC has a smectic liquid crystal phase at room temperature and is stable up to 356°C. Graphite-ILC composites, of varying weight ratios, were heated in a tube furnace under the flow of Ar to prevent oxidation of graphite at different temperatures and exposure times. As the temperature was increased up to 356°C, the viscosity of the ILC decreased allowing for ILC intercalation to occur but no exfoliation followed. Further increasing in temperature from 356 to 700°C resulted in the decomposition of the ILC resultant evolution of the gases. This gas evolution, assisted in the exfoliation of graphite and subsequent exfoliation of GNs. Having the ratio of the graphite-ILC to 30/70 (w/w) resulted in maximization of the exfoliation process. The temperature-dependent process of ILC intercalation and decomposition followed by gas release and ultimately graphite exfoliation is shown in Fig. 6 . Although this dry GNs synthesis method has potential for industrial scale up, this method results in the formation of defects in the GNs owing to the gas evolution. 2.3.4. Thermal and hydrothermal reduction. Chabal and co-workers 43 used three ammonium-based ILs (N-methyl-N,N,N-tris(2-hydroxyethyl) ammonium iodide, N-methyl-N,N,Ntris(2-hydroxyethyl) ammonium methane sulphate, and N,N,Ntributyl-N-octylammonium methane sulphate) as intercalating agents between GO sheets dispersed in water or propylene carbonate (PC). The aqueous GO-IL aqueous solutions were centrifuged for 30 min and stirred overnight while the GO-ILs solution in PC was tip sonicated for 10 min. The samples were then thermally reduced at 500-900°C, enabling the interlayer separation and exfoliation of RGO to occur of carbon nanosheets. The N,N,N-tributyl-N-octylammonium methane sulphate IL best facilitated this expansion and exfoliation due to a lack of covalent functionalization of the GO by the IL as seen with the other two ILs investigated. These results indicated that long, flexible alkyl carbon chains promoted the intercalation mechanism of exfoliation more effectively than the tetra substituted ammonium salts with shorter alkyl chains. These intercalated ILs altered the decomposition temperature of the complex, resulting in stable IL compounds in the interlayer spacing, helping them survive higher annealing temperatures, while preventing structural defects via hydride transfer and facilitating efficient oxygen removal from the GO. This demonstration that ILs could weakly interact with the carbon surface, which could find applications as high performance storage devices. Hydrothermal 52 reported a novel approach to improve the wetting properties of exfoliated and functionalized RGO produced by pH-triggered electrolysis. In this process, graphite was pre-treated with [C 4 mim][Cl] by grinding to form a gel that was then washed and dried. The IL-treated graphite was then oxidized using a modified Hummer's method to form GO. Then the simultaneous 3-aminopropyltriethoxysilane (APTES) functionalization of the GO was carried out by adding the GO to trihexyltetradecylphosphonium decanoate dissolved in ethanol followed by sonication, APTES addition, and adjustment of the pH to 5. After 30 min of sonication, the mixture was refluxed for 24 h at 80°C to produce the final APTESmodified GO product. The author proposed the IL aided in the accessibility of functional groups on the surface of graphite sheets to allow for improved interaction with other modifiers such as APTES. IL-graphene complexes can also be strategically used in the fabrication of graphene/polymer nanocomposites in a different method. Han and co-workers 53 reported manufacturing graphene-polyaniline composite (GPC) nanosheets using a PIL. A homogenous suspension of graphene in DMF-H 2 O was mixed with poly(1-vinyl-3-butylimidazolium chloride) followed by DMF removal by dialysis resulting in PIL-stabilized graphene sheets (PIL-G) in aqueous solution. . These IL-GNs-Cu@Pt composites were tested for electrocatalytic activity toward methanol oxidation using cyclic voltammetry, chronoamperometry and CO-stripping voltammetry methods. The electrocatalytic activity and stability of IL-GNs-Cu@Pt for methanol oxidation was determined to be better than for commercial carbon blacks. This was attributed to the increase of the graphene conductivity by the IL and the facile removal of intermediate poisoning species with the aid of Cu. This work shows IL-GNs-Cu@Pt can serve as alternative support for Pt immobilization in direct methanol fuel cell applications. Another IL-RGO material with potential for fuels cell was prepared, based on the Yang et al. method, 50 by Niu and co-workers. 66 In this work, a one-step synthesis of a novel hollow flower like AuPd (hAuPd) with rough surface was decorated on IL-RGO sheets, prepared using an amine-terminated IL, to form IL-RGO-hAuPd through electrostatic interactions. These IL-RGO-hAuPd composites demonstrated better electrocatalytic activity in comparison to neat hAuPd NPs for direct oxidation of formic acid with potential applications in fuel cells.
Recently, Xiao and co-workers 67 used the IL [C 4 mim]-
[cholate] exfoliate pristine graphite to graphene by sonication. The resulting IL-GNs were used in conjunction with small (<2 nm diameter) noble metal (metal (M) = (Pt, Pd, Ru, or Rh)) nanoparticles to form IL-GN-M composites that were uniformly decorated with the metal nanoparticle with no freestanding metal aggregates or agglomerates. These IL-GN-M composites showed superior catalytic activity for arene hydrogenation with the IL-GN-Ru (Ru content of 5%) the most active for the hydrogenation of benzene to hexane with a turnover frequency (TOF) as high as 6000 h −1 G-Ru at 110°C
and an H 2 pressure of 8 MPa. Even at room temperatures, the TOF for IL-GN-Ru was 270 h −1 which is higher than the typical TOF of 100-200 h −1 for Ru on Al 2 O 3 or carbon powder. 68 The high performance of IL-GN-M composites was attributed to the uniform distribution of the metal nanoparticles on the GNs.
Graphene's inorganic cousins
Layered transition metal dichalcogenides (TMDs) and transition metal oxides (TMOs) and other 2-D layered materials such as BN, Bi 2 Te 3 , and Bi 2 Se 3 possess graphite-like layered structures in which the layers are held together by weak van der Waals forces and are considered as inorganic graphene analogues (IGAs). A recent review by Rao and co-workers highlights different IGAs as well as bottom-up chemical approaches to produce single-or few-layer TMDs and TMOs. 69 As these layered materials are similar to graphene, exfoliation approaches like those used to make graphene from graphite, should also be applicable to these analogues, yet few such exfoliation studies exist. EtOH). While these values seem low, they are still up to 68 times higher than could be achieved in either neat EtOH or water lending credence to a mixed solvent approach. Further improvement for exfoliation was also found by using ballmilling as a pre-treatment method followed by sonication in aqueous solutions containing sodium dodecyl sulphate (SDS) surfactant.
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Given the ability of solvents such as NMP, ionic surfactants, and mixed-solvent systems for dispersing IGAs, it stands to reason ILs hold great potential for exfoliation of IGAs as well. Recently our group, 73 using ABF-MD simulations, demonstrated ILs are a most likely viable media for assisting and exfoliating h-BN nanosheets; with negative free energies of exfoliation comparable to the negative free energy of exfoliation of h-BN in NMP. Recently, Sutto and co-workers, 74 studied a series of 1,2-dimethyl-3-N-R-imidazolium BF 4 ILs (R = propyl, butyl, decyl, or hexadecyl alkane chains) for their ability to intercalate within TiS 2 layers. TiS 2 layers normally have distances between two repeat sheets of 5.77 Å and are often characterized by weak sulphur-sulphur interactions. Three types of methods for intercalation were carried out: electrochemically-induced intercalation, solution reactions in IL-acetonitrile mixtures, and the direct thermal reaction of the IL with liquid with TiS 2 (Fig. 8) . The most promising methods were the direct thermal route using either decyl-or hexadecyl-substituted ILs. The decyl-substituted ILs oriented as a single layer within the TiS 2 van der Waals gap, while the hexadecyl-substituted IL were arranged as a bi-layer between the sheets, giving rise to a c-axis expansion of over 49 Å.
Computational insights
From a microscopic point of view, researchers postulate π-π interactions or cation-π interactions are the surface interactions responsible for the GNs stabilization various solvents and ILs. Computer simulations offer an avenue towards understanding the forces responsible for exfoliation and stabilizing of GNs in different solvents while also being a priori screening tool for ranking the exfoliation efficiency of various solvents for GNs and IGAs. While simulation studies have been carried out on solvent interactions with graphite surfaces since the 1980′s, these solvents have been limited to water 75 and various organic solvents. 76, 77 In the past decade, looking into interactions of graphite and various other surfaces with ILs has started to grow. 78, 79 While these simulations present a static picture of the interactions of different surfaces with ILs, ( primarily since the sheets or surfaces were considered to be static in nature) the energetics and dynamics of the interactions during the exfoliation and dispersion of 2-D materials in ILs is lacking. Towards this, our group recently evaluated the free energies for graphene exfoliation from bilayer graphene using IL based on various cations paired with the Tf 2 N anion from adaptive bias force-molecular dynamics (ABF-MD) simulations. 80 As a part of the ABF algorithm, an external biasing force, estimated locally from the sampled conformations of the system and updated continuously, is applied at each step to facilitate the system in overcoming significant energy barriers, if present along the reaction coordinate. This force is applied to one layer of the graphene sheet in the tangential z-direction with respect to the other layer, as illustrated in Fig. 9 . This approach is selected to emulate the shearing force provided by solvent media in the physical exfoliation of graphene monolayers from graphite. The first derivative of the free energy is related to the partial derivative of the Hamiltonian of the system with the reaction coordinate and is related to the constraint force acting along the reaction coordinate. These free energy predictions comport with experiment; a test case of water exfoliating graphene sheet from the bilayer constituted a positive free energy suggesting the well-known fact that water is a poor solvent for graphene exfoliation, while predicting a negative free energy of exfoliation for IL-assisted graphene exfoliation, see Fig. 9 . Alkyl-π interactions with the graphene surface dominate for imidazolium-and pyrrolidinium-based ILs while π-π interactions played a major role for the pyridinium-based ILs. This was derived from the relative magnitudes of the radial distribution functions which provide number density of molecules within a given radius from a reference point and the ordering factor (S) which provides a quantitative feature for the relative orientation of the cations and anions with respect to the graphene surface. The alkyl-π interactions being dominant (relatively lower π-π interactions seen) for the case of the imidazolium ring interacting with the graphene surface. This, while being relatively incongruous with the simulations of Bell and co-workers, 78 (wherein their results showed a dominance of the cation ring being parallel to the graphite surface thereby implying π-π interactions), seem to comply with sum-frequency vibrational-spectroscopy experiments on imidazoliumbased ILs on silica 81 and graphene surfaces. 82 In these studies, the cations preferentially orient at an angle with the alkyl groups perpendicular to the surface. Nevertheless, computational methods are proving to be an excellent supplement to experiments and analysis at the atomic-scale level. Using normal-mode analysis and solvation-shell structure around the nanosheets could further enhance our understanding of the dynamics of exfoliation and stabilization processes in addition to better understanding gained from the kinetic theory of colloid aggregation, 83 DVLO, and Flory Higgins theory adapted for the dispersion of nanotubes 84 and nanosheets. Last, but not the least, results from molecular simulations help unravel the shape of the curve for differential capacitance of the graphite-IL interface versus the electrode potential can provide insights into the surface roughness of the electrode, further suggesting that controlling the topography of the electrode could improve the energy densities in electric double-layer capacitors. 85 87 While a battery list of organic solvents have been used (>50), the number of ILs tried are far less, not to forget that with the multitude of ions, a vast number of permutations and combinations could be carried out and "task specific" ILs can be developed based on the fundamental understanding of interactions of ILs with graphene to even further improve the yield of dispersed GNs. One such key parameter towards this is the understanding of the interaction of ILs with graphene for successful exfoliation/dispersion is negative free energy for the process, particularly decreasing the enthalpy of mixing, which implies a matching of the surface energy of the 2-D material to the surface tension of the IL. As shown in Fig. 10 , a plot of the dispersibility against surface tension, the ideal surface tension occurs near 40 mJ m −2 for greatest dispersibility in both ILs and organic solvents implying that the surface tension of a solvent is an excellent a priori property for determining the successful exfoliation and dispersion of GNs. As illustrated in respectively. 20 The concentration GNs dispersions in the other ILs decreases as the IL surface tensions differs further away from 40 mJ m −2 , see Fig. 10 . Based on the above yields, it may be concluded that the exfoliation of graphene was either stabilized by the hydrophilic or hydrophobic nature of organic solvents, surface tension, and π-π/cation-π interactions. For the case of hydrophilic GO, which has a comparable dispersion of 1 mg mL −1 in organic solvents and 7 mg mL −1 in water, 88 it can be well stabilized by water and hydrophilic organic solvents. However, when reduced to RGO, it tends to have many structural defects which causes a disruption of the π-electron and hampering the electronic properties as compared to graphene. ILs can help overcome these problems through the presence of hydrophilic and hydrophobic groups which stabilizes both GO and RGO through ionic, π-π, and cation-π interactions and further heals many structural defects by the presence of the IL long-chain alkyl groups.
Comparison of methods and ILs
Other than the choice of IL, a variety of protocols ranging from different sonication methods (bath sonication, tip or probe sonication), periods of sonication followed by centrifugation have been considered. However, while semi-empirical methods have been developed by Coleman to correlate the size of the flakes to the different experimental parameters while using data from various organic solvents, a consensus and optimization of the various parameters controlling the dispersion amount and the size of the flakes is desired. The final concentration of the graphene is dependent on various operational parameters such as volume of dispersion, initial ratio of the feed, sonication or grinding time and centrifugation rate. Nuvoli et al. performed liquid phase exfoliation of graphite using [C 6 mim][PF 6 ], 20 suggests the concentration of the GNs dispersion is correlated to the square root of the sonication time. As Hersam puts it in his perspective, 89 "The polydispersity of graphene dispersions can lead to unpredictable or non-ideal behaviour once they are incorporated into devices since the properties of graphene vary as a function of its structural parameters". At the present, a significant fraction of researchers are just investigating different methods and various solvent media to polydisperse graphene with less oversight towards deriving the parameters and conditions that would enable uniform size and defect-free GNs dispersion and with an eye towards large scale-up. Further, a major concern of using ILs as a solvent or aid for graphene exfoliation and dispersion, lies in the removal of the IL from the exfoliated GNs, RGO, or IGAs, especially the fluorinated ILs which possess higher thermal stability ranges. Other than heating, one avenue could be centrifugation at high rpms to remove excess IL followed by repeated washing of organic solvents. However, depending on the application, such postprocessing may not be needed, for example, if the materials are to be used as electrodes and/or with IL electrolytes or in hybrid nano-assemblies.
Conclusions and future prospects
In this Minireview, we have overviewed the production of graphene sheets in the presence of various ILs as assisting n/a n/a solvent media including brief applications of these IL-GNs composites towards avenues such as sensing, separation, fuel cells, photovoltaics, catalysis, environmental remediation, and other energy applications. Further, this IL-based exfoliation approach will enable the use of low-cost solution processing techniques such as drop-casting, electrostatic adsorption, spraying, filtration, and dip-or spin-coating of dispersions to fabricate graphene-based devices, broadening their applications. The advantages of using ILs are highlighted, with a multitude of permutations and combinations possible in the anions and cations, demonstrating immense potential for production capabilities of exfoliated GNs, RGO, and IGAs. In stark contrast to other dispersants for carbon nanomaterials, ILs tend to be less obtrusive to the properties inherent to graphene. The use of ILs as solvents for liquid-phase exfoliation and stabilization of the colloids, while still being in its infancy, most often outperforms many traditional solvents. This warrants further investigation including, in particular, advantages of using mixtures of ILs, phase thermodynamics for optimized exfoliation, optimization of technique parameters, and post-processing procedures. Keeping in mind the goal of producing GNs "by the pound", a better fundamental understanding of the interactions between graphene and IL components is essential, including a systematic effort looking at novel functional cations/anions with an eye toward enhanced intercalation and dispersion. A vital component is the involvement of molecular dynamics and potential of mean force simulations, with in silico feedback informing the experimental results. In addition, novel experimental methods such as sum frequency generation (SFG) spectroscopy are increasingly being used to probe into the interface of electrodes and electrolytes and especially extrapolation of such methods for graphene and its analog electrodes with ILs, emphasising the need for refined theories such as Gouy-Chapman model instead of the popular Debye-Huckel theory. 90, 91 Given the simplicity and facile control during single-pot nanocarbon synthesis, coupled with its potential for expansion to an industrial scale, this approach will find much activity in the coming years. The urgency for additional and more specialized experimental tools and simulation approaches to probe the interface, however, clearly remains. Significantly, these fundamental approaches and insights can be transferred to the exfoliation of inorganic 2-D analogs, including BN, MoS 2 , WS 2 , and Bi 2 Te 3 . Certainly, efforts along this pathway have begun in a number of laboratories already.
